Understanding the basis for differences in nutrient requirements and for nutrient effects on health and performance requires an appreciation of the links between nutrition and gene expression. We developed and applied molecular probes to characterize diet-associated postabsorptive hepatic gene expression in growing pigs chronically fed protein-restricted diets based on either casein (CAS) or soy protein isolate (SPI). Eighty-eight expressed sequence tags (ESTs) were identified on the basis of diet-related changes in expression, by using an mRNA differential display method. Expression profiling based on transcription analysis by real-time reverse transcriptasepolymerase chain reaction showed that the SPI diet significantly changed the pattern of gene expression as compared with the CAS diet and allowed identification of coregulated genes. The expression of six genes involved in the metabolism of stress response (glutathione S-transferase, peptide methionine sulfoxide reductase, apolipoprotein A-I, organic anion transport polypeptide 2, calnexin, heat shock transcription factor 1) exhibited significant changes in the transcription level and indicated an increased oxidative stress response in pigs fed the SPI diet. Hierarchical clustering of gene expression data of all 33 ESTs analyzed across 14 pigs fed the two different diets resulted in clustering of genes related to the oxidative stress response with genes related to the regulation of gene expression and neuronal signaling.
To examine hepatic gene expression under a dietary condition known to restrict growth rate (21, 22) and affecting cholesterol (11) and glutathione metabolism (16), we studied postabsorptive pigs fed protein-restricted diets based on either casein (CAS) or soy protein isolate (SPI), mixed in otherwise identical diets. Because the SPI used was very low in biologically active constituents such as isoflavones and trypsin inhibitor, we assumed that potential effects observed were mainly due to differences in amino acid pattern. We used the mRNA differential display reverse transcriptase-polymerase chain reaction (DDRT-PCR) technique (see, e.g., refs [23] [24] [25] [26] [27] to preselect expressed sequence tags (ESTs) that are expressed in a differentially diet-associated manner. The diet-related hepatic mRNA expression of six genes involved in the metabolism of oxidative and cellular stress responsiveness was studied by real-time PCR with LightCycler (Roche, Mannheim, Germany).
MATERIALS AND METHODS

Animals and diets
A study of gene expression was carried out with 14 castrated male pigs of the German Landrace breed. After the animals were weaned, they were fed a starter diet for 1 wk; thereafter, they were fed a CAS-containing diet for 4 wk. After this period, 7 animals, each weighing about 21 kg, received an SPI-containing diet for another 4 wk, whereas the remaining 7 animals continued to receive the CAS-containing diet. CAS (Deutsches Milchkontor GmbH, Hamburg, Germany) and highly purified SPI (SUPRO 1610, Interfood, Bad Homburg, Germany) were the sole dietary protein sources. In SPI, biologically active soy constituents such as trypsin inhibitors and lectins were minimized by heat treatment and by treatment under mild alkaline conditions. Thus, the levels of total isoflavones and trypsin inhibitor were 1-3 mg/g and less than 5.2 mg/g, respectively, which were much lower than those reported for other soy protein diets (14) . The differences in amino acid pattern between both protein diets are shown in Fig. 1 . Both diets were isoenergetic and isonitrogenous and provided 2.5 times the maintenance requirement of metabolizable energy [3 × 650 kJ ME/(kg of body weight 0.62 × day)]. The composition was essentially as described earlier (22) , in g/kg of dry matter: maize starch 420, protein (either CAS or SPI) 90, sucrose 200, fat 150 (margarine 75, lard 75), cellulose 70, minerals and vitamins 80. The composition of minerals and vitamins was previously described (28) . The protein supply was set to 50% of the protein requirement. During the experimental feeding period, pigs were housed in metabolic cages. Food was supplied once a day (at 8 AM). Free access to the food and water was allowed from 8 AM to 2 PM.
At the end of wk 8 of the experimental feeding period, animals were killed 18-24 h after the last food intake so that diet-associated gene expression could be measured with minimal interference by meal intake. Dietary nutrients are largely digested and absorbed 12 h after food intake. Tissue samples were collected, immediately frozen, and stored at −80°C until isolation of RNA.
The DDRT-PCR assay
The cDNA of two pigs from each feeding group was directly compared by DDRT-PCR (Fig. 2) . Total RNA was extracted from liver, by using the RNeasy Total RNA Kit (QIAGEN, Hilden, Germany). Liver tissue was taken from the lobus caudatus and consisted mainly of hepatocytes. DDRT-PCR was performed essentially as described previously (29) . The cDNA was generated by reverse transcription by using the Expand Reverse Transcriptase (Boehringer, Mannheim, Germany). To amplify duplicate cDNA samples, PCR assays were performed with 0.1 volume of the reverse transcription. The PCR reaction buffer contained 1.5 mM MgCl 2 , 2 µM dNTPs, the appropriate downstream primer (0.2 µM), one of the arbitrary upstream primers (0.2 µM), 1.5 U Taq DNA Polymerase, and H 2 O to a volume of 20 µl. For each cDNA sample, a total of 30 primer combinations were used. The downstream primers DP1-DP12 (GeneExScreen Primer Kit; Biometra, Goettingen, Germany) were completed by the primers D1D (5'-(T) 10 G-3'), D2D (5'-(T) 10 C-3'), and D3D (5'-(T) 10 A-3') and were combined with the upstream primers UP1 (5'-GTGAGCTCC-3') and UP2 (5'-AAGCTTCATTCCG-3'). PCR products were resolved on a 4% native polyacrylamide sequencing gel, and the bands were visualized by conventional silver staining. The two pigs from each feeding group were simultaneously compared within one gel (Fig. 2) . To identify diet-associated expressed cDNA bands, special attention was given to bands that were identical in occurrence and intensity within both animals fed the same diet but differed in occurrence and intensity from those of the alternative diet group.
Cloning of differentially displayed cDNA bands
The diet-associated displayed cDNA bands were cut off from the gel, and the DNA was extracted, reamplified using the corresponding primers, and cloned into Epicurian Coli XL1-Blue competent cells (Stratagene, Heidelberg, Germany) by using the SureClone Ligation Kit (Amersham Biosciences, Freiburg, Germany).
Cycle sequencing, sequence analysis, and primer design
Five to 10 clones of each partial library were randomly selected and sequenced by Taq cycle sequencing with a Model 310C sequencer (Perkin Elmer/Applied Biosystems, Weiterstadt, Germany) to identify the most common sequence of the band. Sequences of both strands were determined by using M13 universal forward (5'-GTAAAACGACGGCCAGT-3') and M13 universal reverse sequencing primers (5'-GAAACAGCTATGACCATGATTAC-3'). For inserts showing homology (>90% over the whole sequence), a unique sequence was generated. The sequence found most frequently was defined as the core sequence of the band.
All different sequences were compared with sequences present in the EMBL/GenBank database using FASTA software (30) . As a criterion for homologous genes, a sequence identity of more than 70% for at least 100 base pairs was defined. Primer pairs for PCR were designed using the OLIGO software (v.4, National Biosciences, Plymouth, MN). Conditions for PCR of the different ESTs were optimized in a gradient cycler (Biometra) with regard to Taq DNA Polymerase (Roche), MgCl 2 concentrations, and annealing temperatures. Results were transferred to the RT-PCR protocols.
Quantitative RT-PCR
Transcript levels in seven pigs from each feeding group were directly compared. Total RNA was extracted from liver samples by using the RNeasy Total RNA Kit (QIAGEN) according to the manufacturer's instructions. Synthesis of the first strand of cDNA was performed with MMLV-RT (Promega, Mannheim, Germany) and random hexamer primers using 2 µg of total RNA.
Quantitative analysis of PCR products was carried out in the LightCycler (Roche) according to optimized PCR protocols using the specific primers of the corresponding EST (Table 1) and LightCycler DNA Master SYBR Green I (Roche). For LightCycler reactions, a master mix of the following reaction components was prepared to the indicated final concentration: 12.6 µl of water, 2.4 µl of MgCl 2 (4 mM), 0.5 µl of forward primer (0.6 µM), 0.5 µl of reverse primer (0.6 µM), and 2.0 µl of LightCycler DNA Master SYBR Green I (1 ×). Samples of 18 µl of LightCycler master mix were filled in the LightCycler glass capillaries, and 10 ng of reversetranscribed total RNA in 2 µl was added as the PCR template. On the basis of the analysis of melting curves of the PCR products, a high-temperature fluorescence acquisition point was estimated and included to the amplification cycle program (Table 1) . High-temperature fluorescence acquisition melts the unspecific PCR products, eliminates the nonspecific fluorescence signal derived from primer dimers, and ensures an accurate quantification of only the desired specific EST products. For all assays, an external standard curve was used based on a single-stranded DNA molecule calculation. External DNA standard dilutions of each recombinant plasmid from single-stranded DNA (10 1 , 10 2 , 10 3 , 10 4 , 10 5 , and 10 6 copies) were generated from the cloned RT-PCR products into pUC18 vector (Amersham Biosciences), linearized by a unique restriction digest.
Statistical analysis
The SAS/STAT package (31) was used for all analyses. Means of the quantitative RT-PCR values for all ESTs of the two diet groups were compared by using a t test. Hierarchical clustering based on the first principal components of clusters of EST values was performed by using the procedure VARCLUS after standardizing all values within an EST to have a mean value of zero and standard deviation of 1. The first principal component is a weighted average of the variables that explains as much variance as possible. In VARCLUS, oblique component analysis related to multiple group factor analysis (32) was applied.
RESULTS
Identification of expressed sequences diet-associated displayed in DDRT-PCR
The intensity and occurrence of electrophoretic DDRT-PCR bands derived from liver samples of two pigs each from the groups fed SPI and CAS diets appear to be characteristic for each diet (Fig. 2) . According to the silver-stained electrophoretic banding pattern, 746 cDNA bands were displayed in total. Of these bands, 85 bands were equally displayed in all four animals, 559 bands were differentially displayed in each animal, and 102 bands were equally displayed within the two animals fed the same diet but were differentially displayed between the animals of both diet groups. Of the 102 diet-associated displayed cDNA bands, the 47 most distinguished were isolated, reamplified, and cloned, and 5-10 clones per cDNA band were sequenced. In most cases, each band consists of several cDNAs. Altogether, 86 different hepatic ESTs were identified with this approach. The nucleotide sequence data reported in this paper were submitted to GenBank and have been assigned the accession numbers BG695746-BG695798.
A subsequent FASTA search of the EMBL/GenBank database showed that 38 of these ESTs (44.2%) were similar to previously described genes, whereas 18 ESTs (20.9%) did not match any database entries. The other ESTs showed similarities to EST, repetitive, and mitochondrial DNA elements, or to other sequences (PAC, BAC) already deposited in the database. The name and accession number of the sequences showing similarity to already known genes, the length of the overlapping fragments, the percentage of homology, and the names of the homologous gene, as well as LightCycler PCR conditions, are reported in Table 1 . Physiological functions of the ESTs were identified on the basis of their sequence similarity with known genes. The majority of these sequences (>90%) exhibited homology to genes involved in the stress response, in protein and amino acid metabolism, in nervous and cellular signal transfer, in regulation of transcription and translation, and in membrane transport. Among these genes, 5 genes did not contain sufficient sequence information to design primers or could not be amplified, leaving 33 different genes for subsequent analysis of mRNA abundance in pigs fed the CAS and SPI diets.
Protein diets significantly affected the mRNA abundance of genes related to oxidative stress responsiveness
The genes related to the oxidative stress response included a gene (fbn-s-048: glutathione Stransferase) involved in detoxification, a gene (fbn-s-060: peptide methionine sulfoxide reductase) involved in repair of oxidized physiologically important macromolecules, two genes (fbn-s-004: calnexin, fbn-s-022: heat shock transcription factor 1) involved in the cellular stress response, and two genes (fbn-s-002: apolipoprotein A-I, fbn-s-013: organic anion transport polypeptide 2) promoting cholesterol efflux from tissues to the liver and cholesterol excretion. To study the effect of both protein diets on the hepatic gene expression pattern, especially on hepatic oxidative stress-associated gene expression, the mRNA abundance of the differentially displayed sequences showing similarities to already known genes was analyzed by real-time PCR. The mRNA copy number measured in 10 ng of total RNA varied between the different genes from less than 100 to several hundreds of millions of molecules, probably because of the various physiological roles of the sequences. The mRNA abundance of the genes related to oxidative or cellular stress responsiveness was analyzed in detail in three independent repeated analyses. Figure 3 represents the diet-associated individual and mean transcript levels of these genes. In pigs fed the SPI diet, the mean hepatic transcription levels of calnexin, organic anion transport polypeptide, glutathione S-transferase, and peptide methionine sulfoxide reductase were two to three times higher (all P<0.03) than those in pigs fed the CAS diet. In contrast, the mRNA abundance of the heat shock transcription factor 1 was significantly higher in the CAS group (P=0.01). In the SPI group, transcriptional up-regulation of apolipoprotein A-I (apoAI) was of borderline significance (P=0.0664).
Interestingly, the responses to SPI diet showed an extreme interindividual variability. For example, as shown for glutathione S-transferase mRNA, the abundance for individual SPI animals ranged from values comparable to CAS animals to 17.4-fold increased concentrations (Fig. 3) .
Expression of genes associated with oxidative stress responsiveness showed coregulation with genes involved in regulation of gene expression and in neuronal signaling
To study coregulation of genes, a hierarchical cluster analysis of gene expression data was carried out. On the basis of results of the cluster analysis with VARCLUS, a tree diagram ( 
DISCUSSION
This study compared, by use of DDRT-PCR, postabsorptive hepatic mRNA patterns of growing pigs fed an SPI or a CAS diet. Of 746 displayed cDNA bands, 102 bands were diet-associated according to the occurrence of identical bands in the two animals fed with the same diet. On the basis of these bands, we developed 86 molecular probes, of which 33 showing similarity to known genes were applied in transcription studies. Results from these studies indicated that chronic SPI feeding significantly modifies postabsorptive hepatic gene expression compared with CAS feeding. This finding could be related to differences in protein amino acid patterns (12) or to soy-associated bioactive constituents such as isoflavones, saponins, and phytosterols (33, 34) . However, we assume that the metabolic and transcriptional effects can be attributed mainly to the imbalanced amino acid pattern of SPI compared with that of CAS. The main differences between the diets are increased contents of methionine, proline, phenylalanine, and tyrosine in the CAS diet, and of cystine, glycine, aspartic acid, and arginine in the SPI diet. Because we used highly purified SPI produced for infant formula, effects of soy-associated constituents such as trypsin inhibitors and lectins could be largely excluded because of heat treatment under mild alkaline conditions. Thus, in SUPRO 1610, levels of total isoflavones or trypsin inhibitors were more than 200 times lower compared with other soy protein diets reported (e.g., ref 14) . It was recently shown that in human cells methionine and to a smaller degree cysteine deprivation results in overexpression of asparagine synthetase, the CCAAT/enhancer binding protein homologous protein, and the c-Jun N-terminal kinase-1 (JNK-1) (35, 36) . Further, depletion of arginine and cysteine leads to induction of insulin-like growth factor binding protein-1 mRNA (37) . In this context, it is interesting that SPI used here is characterized by reduced concentrations of methionine and about twice as much cystine and arginine compared with CAS. Thus, the effects of dietary depletion or surplus of a single amino acid or various amino acids, especially the sulfur-containing amino acids, on hepatic gene expression require further investigation. In particular, feeding studies are necessary to explore in vivo nutritional responses as compared with those obtained in experiments with cell lines.
In view of the physiological functions of the differentially expressed sequences showing strong similarities to genes already known, significant changes in expression profile indicate an increase in oxidative stress responsiveness in pigs fed the SPI diet compared with the CAS diet. In regard to oxidative stress, it was reported that deficiency of methionine is significantly associated with myocardial antioxidant enzyme activities (38) . In a dietary model---mice fed a methionine-deficient diet---liver injury was associated with a 100-fold increase in hepatic content of lipid peroxides (39) . Gene expression of two of these enzymes identified in the DDRT-PCR, the peptide methionine sulfoxide reductase and the glutathione S-transferase, was significantly up-regulated with the SPI diet, suggesting an accumulation of oxidized protein in livers of pigs fed the SPI diet. Peptide-bound methionine is readily oxidized to methionine sulfoxide by reactive oxygen species. The oxidation of surface exposed methionines thus serves to protect other functionally essential residues from oxidative damage. The peptide methionine sulfoxide reductase is a ubiquitous enzyme catalyzing the reduction of methionine sulfoxide to methionine in proteins, thus increasing the scavenging efficiency of the system (40).
Glutathione S-transferases constitute a family of enzymes that play an important role in detoxification by catalyzing the conjugation of many hydrophobic and electrophilic compounds with reduced glutathione. It has been shown in rats that a decrease in the activity of antioxidant enzymes and phase II metabolizing enzymes such as glutathione S-transferase is strongly associated with increased microsomal lipid peroxidation (41) . Several studies have shown that the synthesis rate and fluxes of glutathione and components of the glutathione cycle are modified when there is dietary depletion of sulfur amino acids in humans (16, 42) . A decreased liver glutathione concentration as seen in our study (K. J. Petzke, personal communication), caused by a relative deficiency of sulfur amino acids with SPI intake, may be related to the increased expression of glutathione S-transferase.
In addition, the observed increased transcript levels of apoAI and the organic anion transport polypeptide 2 are in line with the assumed increased oxidative stress response in the SPI group. ApoAI is the major protein component of high-density lipoprotein (HDL) and is a cofactor for lecithin-cholesterol acyltransferase, which is responsible for the formation of most plasma cholesteryl esters. Exposure of isolated HDL to either peroxyl radicals or Cu 2+ ions resulted in the oxidation of apoAI (43) . These results indicate that the initial stage of oxidation of HDL is accompanied by the lipid hydroperoxide-dependent, selective oxidation of two of the three methionine residues to methionine sulfoxides of apoAI (44, 45) , which probably initiates increased activity of the peptide methionine sulfoxide reductase, in line with increased expression of the peptide methionine sulfoxide reductase. apoAI promotes cholesterol efflux from the tissues to the liver for excretion. Therefore, it is not surprising that the organic anion transport polypeptide 2, which is involved in the transport of taurocholic acid (46), a biological detergent synthesized in the liver from cholesterol, is up-regulated as well in pigs fed the SPI diet. This result suggests further that cholesterol metabolism is affected by SPI and agrees with the observed hypocholesterolemic effect of soy.
Clustering the gene expression data from 33 differentially displayed ESTs of the individuals in both diet groups indicates a close coregulation of the genes involved in the oxidative stress response with genes involved in the regulation of gene expression and in neuronal signaling. Many studies have emphasized the critical importance of oxidative stress as part of pathophysiological mechanism such as in Alzheimer's disease, and they have demonstrated a significant association of oxidative stress responsiveness with proliferation, neurodegeneration, and regulation of gene expression. Methionine adenosyltransferase 1A knockout mice showing significantly reduced hepatic levels of S-adenosylmethionine and of glutathione are predisposed to liver injury, express markers of an acute-phase response, and exhibit increased expression of genes involved in proliferation (47) . Furthermore, long-term amino acid starvation, which represents a form of metabolic stress, stimulates gene expression. Methionine-or leucinedeprived HeLa cells activate expression of JNK-1 (41) . Liver glutathione depletion, as seen in our study (K. J. Petzke, personal communication), causes oxidative stress, which is associated with loss of viability of neurons (48) . In agreement with this finding, oxidative stress induced by amyloid β-peptide has been implicated in the neurodegeneration observed in Alzheimer's disease, in which the single methionine residue in the amyloid β-peptides appears to play a crucial role (49) .
The high interindividual variability of the transcription levels observed emphasizes that although there are significant differences between the corresponding mean values, the overall transcriptional response is animal specific and the result of the interaction of coregulated and/or alternatively regulated genes. This finding can thus partly explain the known biological variation of requirement values. We conclude that under our dietary conditions, i.e., an imbalanced amino acid pattern at a 50% protein requirement level, the relative deficiency of amino acids (methionine, proline, phenylalanine, tyrosine) or surplus of amino acids (cystine, glycine, aspartic acid, arginine) in the SPI diet led to changes in metabolism related to enhanced endogenous production of reactive oxygen species. This is associated with induction of the scavenging systems at the molecular level (glutathione S-transferase, apoAI, peptide methionine sulfoxide reductase; see Fig. 3 ). It remains to be determined whether and how long the observed diet-dependent changes in expression profiles persist after termination of the dietary challenge, whether the transcriptional modulation is translated into protein expression and function, and whether observed changes of expression on transcriptional level result in a physiological response that maintains whole body oxidative-antioxidative balance. DDRT-PCR of liver samples from two German Landrace pigs from each feeding group, fed the CAS or the SPI diet. RT was done by using downstream primer 1 (DP1; GeneExScreen Primer Kit, Biometra), and subsequent RT-PCR was done by using DP1 and upstream primers 1 (UP1; GeneExScreen Primer Kit, Biometra). Products were displayed on a 4% native DNA-sequencing gel and were visualized by conventional silver staining. Arrows indicate dietassociated displayed cDNA bands. , and four genes involved in neuronal development (fbn-s-008: transmembrane 4 superfamily protein, fbn-s-010: NT2 neuronal precursor, fbn-s-020: CGI-139 protein, fbn-s-058: LC3 polypeptide; boxed, broken line). Clustered genes involved in oxidative stress response, include two ESTs (fbn-s-004, fbn-s-021) involved in the general cellular stress response, an EST (fbn-s-048) involved in detoxification, a EST (fbn-s-060) involved in repair of oxidized physiologically essential macromolecules, and two ESTs known to play a role in lipid peroxidation and transport processes (fbn-s-002, fbn-s-013).
